1. Introduction {#sec1}
===============

Aminoglycosides continue to represent highly effective antimicrobial agents since their introduction about more than 50 years ago \[[@B1]\]. Despite the introduction of highly potent, wide-spectrum antibiotics, aminoglycosides are still considered to be very important against many life-threatening infections especially against gram-negative bacterial infections \[[@B2]\]. They are very commonly used antibiotics worldwide because of certain properties as rapid concentration-dependent bactericidal effects, clinical effectiveness, a low rate of true resistance, synergism with other beta lactam antibiotics, and low cost of therapy \[[@B3], [@B4]\]. However, their efficacy continues to be counterbalanced by significant toxicity especially nephrotoxicity which bring about kidney damage by a direct dose-dependent mechanism \[[@B5], [@B6]\].

Nephrotoxicity induced by gentamicin is a complex phenomenon characterized by increase in plasma creatinine and urea levels and severe proximal renal tubular necrosis, followed by deterioration and renal failure \[[@B7], [@B8]\]. As gentamicin administration can induce severe nephrotoxicity, it has become a popular substance used to study drug-induced acute renal failure. The toxicity of aminoglycosides, including gentamicin, is believed to be related to the generation of reactive oxygen species (ROS) in the kidney \[[@B8], [@B9]\]. The cellular antioxidant status determines the susceptibility to oxidative damage and usually alters in response to oxidative stress \[[@B10]\]. Various studies have claimed antioxidant property of drugs for their nephroprotective effects in gentamicin-induced renal damage \[[@B11]--[@B14]\].

Ursolic acid, an ursane type triterpenoid compound which exists widely in natural plants in the form of free acid or aglycones for triterpenoid saponins \[[@B15]\] has emerged as a molecule of therapeutic importance due to its diverse pharmacological properties and lower systemic toxicities. Ursolic acid has been implicated in inhibition of lipoxygenase and cyclooxygenase in HL60 leukemic cells, inhibition of mutagenesis in bacteria, antitumor-promotion, inhibition of histamine release, inhibition of lipid peroxidation, and protection against adriamycin toxicity, antioxidant activity, hepatoprotective activity, antimicrobial activity, inhibition of mouse skin tumorigenesis, anti-inflammatory action, hypolipidemic and antiatherosclerotic effects, antiulcer activity, and cytotoxicity to leukemia cells \[[@B16]\]. Herbs like *Momordica dioica*Roxb containing ursolic acid as one of its constituents have shown significant nephroprotective activity \[[@B17]\]. Moreover, a closely related triterpinoid oleanolic acid has also shown nephroprotective effect \[[@B18]\].

However, literature research revealed that the nephroprotective activity of ursolic acid in its pure form has not been established and its probable role has only been postulated with no positive evidence. Hence with this background we decided to explore the nephroprotective role of ursolic acid in a murine model which entails the use of a commonly available, economical, and most mechanistically studied model, that is, gentamicin-induced nephrotoxicity in normal Wistar albino rats.

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Wistar albino rats of either sex, weighing 150--200 g, were used for the study. Animals were housed in standard environmental conditions (22 ± 3°C, 55 ± 5% humidity and a 12 h light/dark cycle) and fed with standard rodent diet and water *ad libitum*. The study was approved by the Institutional Animal Ethics Committee, Kasturba Medical College, Mangalore, Manipal University.

2.2. Drugs {#sec2.2}
----------

Gentamicin sulfate (*Piramel Health Care Ltd.*) dissolved in normal saline was used to induce renal damage. The test drug, Ursolic acid (Sigma Aldrich Chemicals Pvt. Ltd., UK) was dissolved in 14% DMSO, and administered orally in a dose of 2 mg/kg, 5 mg/kg, and 10 mg/kg.

2.3. Experiment Protocol {#sec2.3}
------------------------

After acclimatization, the animals were divided randomly into five groups (6 rats/each group) and placed in metabolic cages separately for collecting 24-hour urine samples. After collecting the first urine samples, the animals were grouped according to [Table 1](#tab1){ref-type="table"}. The drugs were administered for a total duration of 8 days. The test drug ursolic acid was started 3 days prior to the commencement of the study.

2.4. Sample Collection and Biochemical Assays {#sec2.4}
---------------------------------------------

Twenty-four hours after the last injection, urine samples were collected and the animals were euthanized under ether anesthesia. Blood samples were collected by cardiac puncture for measuring urea and creatinine as an indicator of kidney damage, using urease (a nickel metalloenzyme that catalyzes the degradation of urea to ammonia and carbon dioxide), and Jaffé (the combined use of creatinine, amidohydrolase, and alkaline sodium picrate) methods, respectively \[[@B19]\].

2.5. Histopathological Examination {#sec2.5}
----------------------------------

Kidneys from all the four groups were weighed and processed for histopathological evaluation. The kidneys fixed in 10% neutral buffered formalin were processed and embedded in paraffin wax and sections were taken using a microtome. Sections (5 microns) were then stained with haematoxylin and eosin and examined under light microscope. They were evaluated and assigned scores as follows: Score 0 = Normal, Score 1 = Areas of focal granulovacuolar epithelial cell degeneration and granular debris in tubular lumens with or without evidence of tubular epithelial cell desquamation of small foci (\<1% of total tubule population), Score 2 = Tubular epithelial necrosis and desquamation easily seen but involving less than half of cortical tubules, Score 3 = More than half of proximal tubules showing desquamation of necrosis but involved tubules easily found, and Score 4 = Complete or almost complete tubular necrosis \[[@B11]\].

2.6. Statistical Analysis {#sec2.6}
-------------------------

Data were expressed as mean ± standard error of mean (SEM). Statistical evaluation was done using SPSS version (Version 17.0). The differences among treated groups were analyzed by one-way ANOVA followed by Tukey\'s test. A value of *P* \< 0.05 was considered statistically significant.

3. Results {#sec3}
==========

In the present study, gentamicin (80 mg/kg) when injected for 8 consecutive days caused marked nephrotoxicity as is evident from [Table 2](#tab2){ref-type="table"}, showing significant (*P* \< 0.001) increase in serum urea (162.33 ± 9.92 mg/dL), serum uric acid (3.13 ± 0.123 mg/dL), serum creatinine (6.85 ± 0.348 mg/dL), and blood urea nitrogen (75.86 ± 4.636 mg/dL) as compared to normal control animals.

The test drug, ursolic acid showed a significant nephroprotective effect as evidenced by a decrease in the renal parameters, that is, Serum urea, uric acid, creatinine, and blood urea nitrogen levels when compared to the gentamicin-treated group. Moreover, the results as depicted in [Table 2](#tab2){ref-type="table"} also suggest an interesting dose-dependent renoprotective effect with the highest dose (i.e., 10 mg/kg) almost reducing the levels of serum urea, creatinine, and uric acid to normal control levels.

The histological changes in the kidney of all the groups were graded and the results are expressed in [Table 3](#tab3){ref-type="table"}. It is further evident from the microscopical study of kidney sections that the kidneys from the saline treated appeared histologically normal (Score 0) ([Figure 1](#fig1){ref-type="fig"}) whereas the gentamicin-treated group showed tubular epithelial loss with intense granular degeneration involving \>50% renal cortex as depicted in [Figure 2](#fig2){ref-type="fig"}. In addition to the tubular epithelial loss, some of the tubular epithelium contains tubular casts (Score 4). The histomorphology of rats treated with ursolic acid showed moderate tubular epithelial degeneration with desquamation in patchy areas of the renal cortex (Score 2). Treatment with the two lower doses of ursolic acid appeared to mitigate the severity of the gentamicin treatment-induced renal necrosis (Score of 2-3, resp.); whereas the high dose treatment almost completely protected the histological features of kidney from gentamicin-induced alterations as depicted in Figures [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}.

4. Discussion {#sec4}
=============

In the present study, we investigated the effect of ursolic acid on gentamicin-induced acute renal failure in a murine model. Results of this study confirmed that gentamicin at a dose of 80 mg/kg produces significant nephrotoxicity as evidenced by increase in blood urea nitrogen, serum creatinine, urea and uric acid, and renal tubular necrosis which corroborated with previous reports \[[@B8], [@B11]--[@B14], [@B17]\]. Pretreatment with ursolic acid provided marked functional and histological protection against acute renal damage in rats treated with gentamicin. Increase in blood urea nitrogen and serum urea, uric acid, and creatinine, induced by gentamicin was prevented by ursolic acid. This study revealed that orally-administered ursolic acid has a significant and dose-dependent protective effect in gentamicin-induced nephrotoxicity in rats. The significance of ursolic acid in the treatment of nephrotoxicity is further increased because of its diuretic potential as well as its lower toxicity \[[@B20]\].

A relationship between oxidative stress and nephrotoxicity has been well-demonstrated in many experimental animal models \[[@B21]\]. In gentamicin-treated rats, a significant increase in lipid peroxidation products malondialdehyde (MDA) suggesting that the involvement of oxidative stress has been reported. A role of lipid peroxidation in gentamicin-induced acute renal failure has also been described in previous studies. Moreover, pretreatment of rats with hydroxyl radical scavengers has been shown to protect against gentamicin-induced acute renal failure \[[@B11]\].

Paracetamol-induced nephrotoxicity is proposed to be due to the overproduction of nitric oxide (NO) and a marked reduction of hepatic and renal intracellular glutathione (GSH) levels \[[@B22]\]. The cytoprotection imparted by oleanolic acid, a triterpenoid closely related to ursolic acid in paracetamol-induced nephrotoxicity in rats was proposed to inhibit the overproduction of NO and to maintain the level of intracellular GSH through its potent antioxidant activities \[[@B22]\]. Gentamicin is known to decrease the activities of catalase, glutathione peroxidase, and the level of reduced glutathione \[[@B23]\]. Ursolic acid which is an important component of *Ocimum sanctum* has been shown to inhibit lipid peroxidation and protect against free-radical-induced adriamycin toxicity \[[@B24]\]. Treatment of mice with ursolic acid inhibits mitochondrial lipid peroxidation in tumor-bearing rats and returns the increased superoxide dismutase to normal levels \[[@B25]\]. Also, its antioxidant activity has been partially held responsible for its preventive and therapeutic effects on acute hepatic injury in rats \[[@B26]\]. Therefore, it is not unreasonable to assume that the nephroprotection shown by ursolic acid in gentamicin-induced nephrotoxicity is mediated through its potent antioxidant effects that help to preserve intracellular GSH levels. The antioxidant activity of ursolic acid might have contributed to its nephroprotective effect by inhibiting gentamicin-induced lipid peroxidation.

However, other mechanisms of protection \[[@B27]\] like inactivation of the aminoglycoside by electrostatic complex formation or preventing its binding to the brush border membrane or by forming complexes at acidic pH and preventing phospholipid overloading in lysosomes cannot be negated also. Additional studies are warranted in order to test these assumptions, such as the measurement of gentamicin urinary excretion, the examination of gentamicin, and ursolic acid interactions with brush border membranes, and the effect of treatment on intracellular Ca^2+^. Further studies exploring and linking the antioxidant activities to the nephroprotective effect and evaluation of glomerular filteration rate in ursolic-acid-treated rats might shed more light on the mechanism of renoprotective action of ursolic acid. Hence such investigations should be conducted in order to better characterize the attenuation of gentamicin-induced nephrotoxicity by ursolic acid.

5. Conclusion {#sec5}
=============

To conclude, this study provides scientific evidence of the nephroprotective effects of orally administered ursolic acid in a murine model employing gentamicin as a toxicant that directly induces renal damage. It further proposes that observed protective effects of ursolic acid in gentamicin nephrotoxicity could be attributed to its well-known antioxidant potential.
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###### 

Various study groups and the drug dosages.

  Groups            Drug treatment
  ----------------- -------------------------------------------------------------------------------------------------------------------------------------
  Control           Normal saline (1 mL/kg, intraperitoneal)
  Disease control   Gentamicin (dissolved in isotonic saline) 80 mg/kg/day \[[@B11]\] intraperitoneal
  Test drug         Ursolic acid 2 mg/kg/day per oral (administered for 3 days prior to and during treatment with gentamicin 80 mg/kg intraperitoneal)
  Test Drug         Ursolic acid 5 mg/kg/day per oral (administered for 3 days prior to and during treatment with gentamicin 80 mg/kg intraperitoneal)
  Test Drug         Ursolic acid 10 mg/kg/day per oral (administered for 3 days prior to and during treatment with gentamicin 80 mg/kg intraperitoneal)

###### 

Effect of gentamicin and ursolic acid on serum urea, uric acid, creatinine, and blood urea nitrogen levels.

  ------------------------------------------------------------------------------------------------------------------------------------
  Parameters                           Control group   Gentamicin group   Ursolic acid\        Ursolic acid \      Ursolic acid\
                                                                          2 mg/kg              5 mg/kg             10 mg/kg
  ------------------------------------ --------------- ------------------ -------------------- ------------------- -------------------
  Serum urea (mg/dL)                   41.17 ± 0.703   162.33 ± 9.922\*   137.83 ± 4.643\*\*   99 ± 2.646\*\*      41.33 ± 2.692\*\*

  Serum uric acid (mg/dL)              1.62 ± 0.305    3.13 ± 0.123\*     2.42 ± 0.108\*\*     1.57 ± 0.128\*\*    1.32 ± 0.14\*\*

  Serum Creatinine (mg/dL)             0.58 ± 0.075    6.85 ± 0.348\*     5.63 ± 0.390\*\*     2.42 ± 0.295\*\*    0.92 ± 0.054\*\*

  Blood urea nitrogen levels (mg/dL)   19.24 ± 0.329   75.86 ± 4.636\*    64.41 ± 2.17\*\*     46.26 ± 1.236\*\*   19.31 ± 1.258\*\*
  ------------------------------------------------------------------------------------------------------------------------------------

Values are mean ± SEM.

\**P* \< 0.001 when compared to the normal control.

\*\**P* \< 0.001 when compared to gentamicin induced nontreated disease control.

###### 

Histopathological features of kidneys of rats of different treatment groups.

  ---------------------------------------------------------------------------------------------------------------
  Histopathological feature    Control group   Gentamicin group   Ursolic acid\   Ursolic acid\   Ursolic acid\
                                                                  2 mg/kg         5 mg/kg         10 mg/kg
  ---------------------------- --------------- ------------------ --------------- --------------- ---------------
  Glomerular congestion        ---             4                  2               1               1

  Blood vessel congestion      ---             3                  2               1               1

  Interstitial edema           ---             3                  1               1               0

  Inflammatory cells           ---             2                  1               2               0

  Necrosis and tubular casts   ---             4                  2               1               0

  Average score                0               3.2                1.6             1.2             0.4
  ---------------------------------------------------------------------------------------------------------------
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